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(57) ABSTRACT

A device includes an error amplifier, a standby current
source, a charging current source, a voltage divider, and a
first switch. The error amplifier has a negative input terminal
and a positive input terminal. The standby current source has
a control terminal electrically connected to an output termi-
nal of the error amplifier. The voltage divider has an input
terminal electrically connected to an output terminal of the
standby current source, and an output terminal electrically
connected to the positive input terminal of the error ampli-
fier. The charging current source has a control terminal
electrically connected to the output terminal of the error
amplifier. The first switch has a first terminal electrically
connected to an input terminal of the charging current
source, and a second terminal electrically connected to a first
power supply node.
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500 ESTABLISHING A VOLTAGE BY STANDBY
™ CURRENT GENERATED BY A FIRST
CURRENT SOURCE HAVING A FIRST DIMENSION

!

510 DISABLE A SECOND CURRENT SOURCE
N HAVING A SECOND DIMENSION WHILE
ESTABLISHING THE VOLTAGE

!

520~ ENABLE THE SECOND CURRENT
SOURCE WHEN THE VOLTAGE DROPS

!

LOWER RESISTANCE OF A MIRROR
530~ COMPENSATION CIRCUIT WHILE ENABLING
THE SECOND CURRENT SOURCE

!

PROVIDE CHARGING CURRENT
540" TO AN EXTERNAL CIRCUIT BY
THE SECOND CURRENT SOURCE

FIG. 5
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1
LOW DROPOUT REGULATOR AND
RELATED METHOD

BACKGROUND

The semiconductor industry has experienced rapid growth
due to improvements in the integration density of a variety
of electronic components (e.g., transistors, diodes, resistors,
capacitors, etc.). For the most part, this improvement in
integration density has come from shrinking the semicon-
ductor process node (e.g., shrinking the process node
towards the sub-20 nm node). Commensurate with shrunken
dimensions is an expectation of greater immediacy (higher
speed) and increased performance with reduced power con-
sumption. A low-dropout (LDO) regulator is a voltage
regulator characterized by a small difference between input
voltage and output voltage. The LDO is characterized at
least by drop-out voltage, standby current, and speed.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
embodiments, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

FIGS. 1, 6, 7, and 8 are diagrams of LDO regulators in
accordance with various embodiments of the present disclo-
sure;

FIG. 2 is a diagram of the LDO regulator in a standby
mode in accordance with various embodiments of the pres-
ent disclosure;

FIG. 3 is a diagram of the LDO regulator in a charging
mode in accordance with various embodiments of the pres-
ent disclosure;

FIG. 4 is a diagram of an LDO regulator in a charging
mode in accordance with various embodiments of the pres-
ent disclosure; and

FIG. 5 is a flowchart of a process for regulating a voltage
in accordance with various embodiments of the present
disclosure.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the present embodiments are
discussed in detail below. It should be appreciated, however,
that the present disclosure provides many applicable inven-
tive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use the
disclosed subject matter, and do not limit the scope of the
different embodiments.

Embodiments will be described with respect to a specific
context, namely low dropout (LDO) regulators and methods
with beneficial standby current and speed. Other embodi-
ments may also be applied, however, to other types of
integrated devices.

Throughout the various figures and discussion, like ref-
erence numbers refer to like components. Also, although
singular components may be depicted throughout some of
the figures, this is for simplicity of illustration and ease of
discussion. A person having ordinary skill in the art will
readily appreciate that such discussion and depiction can be
and usually is applicable for many components within a
structure.

Integrated L.DO regulators have many and various uses in
integrated circuit (IC) applications. LDO regulators are rated
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2

in terms of performance metrics, including drop-out voltage,
standby current, load regulation, line regulation, maximum
current, speed (responsiveness in the presence of varying
loads), and output voltage variations due to transients in load
current, among others.

In the following disclosure, novel LDO regulators are
introduced. The LDO regulators use an additional current
supply and switching control to improve at least standby
current and speed of the L.DO regulators while maintaining
power consumption.

FIG. 1 is a diagram of an LDO regulator 10 in accordance
with various embodiments of the present disclosure. Output
voltage OUT of an output node 102 of the LDO regulator 10
is regulated through a feedback loop including voltage
divider 120, error amplifier 150, standby current source 100,
and charging current source 110. In an embodiment, the
output voltage OUT provides charging current to an external
circuit (e.g., external circuit 200 in FIG. 6).

The output voltage OUT is divided by the voltage divider
120. The voltage divider 120 is considered a feedback circuit
having an input terminal electrically connected to an output
terminal of the standby current source 100, and an output
terminal electrically connected to a non-inverting input
terminal of the error amplifier 150. A top resistor 121 of the
voltage divider 120 is electrically connected to the output
node 102 and a divider node 123. A bottom resistor 122 of
the voltage divider 120 is electrically connected to the
divider node 123 and a second voltage supply node (e.g.,
ground). Division of the output voltage OUT by the voltage
divider 120 causes divided voltage at the divider node 123
to be a fraction of the output voltage OUT. The fraction is
controlled by a ratio of resistance of the bottom resistor 122
to total resistance of the bottom resistor 122 and the top
resistor 121.

A first input terminal (e.g., a positive input terminal,
non-inverting input terminal) of the error amplifier 150 is
electrically connected to the divider node 123, and receives
the divided voltage from the voltage divider 120. A second
input terminal (e.g., a negative input terminal, inverting
input terminal) of the error amplifier 150 is electrically
biased by a reference voltage VREF. In some embodiments,
the reference voltage VREF is generated by a bias circuit
(e.g., bias circuit 220 in FIG. 7), such as a bandgap voltage
reference. An output terminal of the error amplifier 150 is
electrically connected to a gate node 101. Error voltage at
the output terminal of the error amplifier 150 is a product of
gain of the error amplifier 150 and difference between the
reference voltage VREF and the divided voltage.

The error voltage controls the standby current source 100
and the charging current source 110. In some embodiments,
the standby current source 100 is a P-type metal-oxide-
semiconductor (PMOS) transistor. A gate electrode of the
standby current source 100 is electrically connected to the
gate node 101. A source electrode of the standby current
source 100 is electrically connected to a first voltage supply
node (e.g., VDD). A drain electrode of the standby current
source 100 is electrically connected to the output node 102.
The standby current source 100 has a first width (W1) and
a first length (I.1). A standby ratio, equaling the first width
divided by the first length (W1/L1), is directly proportional
to transimpedance (current/voltage) gain of the standby
current source 100. For example, a larger standby ratio
(W1/L1) causes greater output current for a given input
voltage.

In some embodiments, the charging current source 110 is
a PMOS transistor. A gate electrode of the charging current
source 110 is electrically connected to the gate node 101. A
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source electrode of the charging current source 110 is
electrically connected to a first voltage supply node (e.g.,
VDD) through a switch 111 (e.g., a pass gate, an NMOS
transistor, a PMOS transistor, or the like). A drain electrode
of the charging current source 110 is electrically connected
to the output node 102. A first terminal of the switch 111 is
electrically connected to the source electrode of the charging
current source 110. A second terminal of the switch 111 is
electrically connected to the first voltage supply node. The
switch 111 is controlled by a switching signal ¢1. The
charging current source 110 has a second width (W2) and a
second length (L.2). A charging ratio, equaling the second
width divided by the second length (W2/1.2), is directly
proportional to transimpedance (current/voltage) gain of the
charging current source 110. For example, a larger charging
ratio (W2/1.2) causes greater output current for a given input
voltage.

In some embodiments, the charging ratio is equal to the
standby ratio. In some embodiments, the charging ratio is
greater than the standby ratio by a multiple (whole or real).
In some embodiments, the multiple is greater than 2. In some
embodiments, the multiple is greater than 5. In yet further
embodiments, the multiple is greater than 10 (e.g., 19).

In some embodiments, the standby current source 100 has
a different threshold voltage than the charging current source
110. In some embodiments, the standby current source 100
has a higher threshold voltage than the charging current
source 110.

In some embodiments, the standby current source 100, the
charging current source 110, and the switch 111 form a
variable current source. The variable current source has an
approximately fixed current component provided by the
standby current source 100, and a switchable current com-
ponent provided by the charging current source 110.

In some embodiments, the charging current source 110
includes a plurality of transistors similar to the PMOS
transistor 110, and a plurality of control switches similar to
the switch 111. Each transistor is controlled by a correspond-
ing control switch of the plurality of control switches. In
some embodiments, the transistors of the plurality of tran-
sistors are independently enabled or disabled by the plurality
of control switches.

A first electrode (top plate) of a first capacitor 130 is
electrically connected to the output node 102. A second
electrode (bottom plate) of the first capacitor is electrically
connected to the second voltage supply node (e.g., ground).

A mirror compensation circuit 140 is electrically con-
nected to the gate node 101 and the output node 102. The
mirror compensation circuit 140 includes a third resistor 142
and a second capacitor 141. A first terminal of the third
resistor 142 is electrically connected to the output node 102.
A second terminal of the third resistor 142 is electrically
connected to an internal node 143 of the mirror compensa-
tion circuit 140. A first terminal of the second capacitor 141
is electrically connected to the internal node 143. A second
terminal of the second capacitor 141 is electrically con-
nected to the gate node 101.

FIG. 2 is a diagram of the LDO regulator 10 in a standby
mode in accordance with various embodiments of the pres-
ent disclosure. The switch 111 is off (open circuit) during the
standby mode. The charging current source 110 is disabled
(off) during the standby mode due to the open circuit
between the source electrode of the charging current source
110 and the first voltage supply node due to the switch 111.
Standby current I, vrzy 18 generated by the standby current
source 100. The standby current Ig;,vrsy charges the
capacitor 130 to establish an output voltage level at the
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output node 102. The output voltage level is controlled by
the reference voltage VREF at the negative input terminal of
the error amplifier 150. When the output voltage level is
relatively high, the divided voltage at the positive input
terminal of the error amplifier 150 is increased relative to the
reference voltage VREF. The increase in the divided voltage
causes a proportional increase in the error voltage at the gate
node 101. The increase in the error voltage reduces source-
gate voltage (V) of the standby current source 100, which
causes a decrease in the standby current lo,,\psy- As a
result, the output voltage level lowers. Through an opposite
mechanism, a relatively low output voltage level pulls down
the divided voltage and the error voltage, increasing the
standby current I, 7y, and raising the output voltage
level. A quiescent state is achieved over time through
regulation of the standby current I;,, 55 by the negative
feedback loop control of the voltage divider 120, the error
amplifier 150, and the standby current source 100. In the
quiescent state, error voltage at the gate node 101 is rela-
tively low due to the smaller size of the standby current
source 100, as compared to other architectures that include
only a single current source (e.g., only the charging current
source). The lower error voltage is due to at least the first
ratio being low, which translates into a higher source-gate
voltage Vg s needed to drive a given standby current
Iszanpsy

FIG. 3 is a diagram of the LDO regulator 10 in a charging
mode in accordance with various embodiments of the pres-
ent disclosure. A transition from the standby mode to the
charging mode is characterized by a change in load applied
to the output node 102 of the L.DO regulator 10. The load in
the standby mode may be characterized as a light load,
corresponding to high impedance (low current output). As
the transition occurs, the load is switched to a heavy load,
corresponding to low impedance (high current output). For
example, in a memory application, the LDO regulator 10
may generate a voltage for a word line to read out data from
at least one memory cell. In some memory applications, two
word lines may switch in rapid succession (one word line
charged to a read voltage, and the other word line discharged
to ground), or different word lines may be charged randomly,
for instance.

The heavy load in the transition to the charging mode
corresponds to a transient drop in the output voltage OUT.
In the charging mode, the switch 111 is turned on (short
circuited). In some embodiments, the switch 111 is turned on
by a pulsing signal generated by a pulse generator (e.g.,
pulse generator 250 in FIG. 8). With the error voltage
relatively low following the standby mode, both the standby
current source 100 and the charging current source 110 are
strongly turned on. The lowered output voltage OUT drops
the divided voltage. When compared to the reference voltage
VREF through the error amplifier 150, the divided voltage
causes the error amplifier 150 to lower the error voltage
further. The minor compensation circuit 140 also pulls down
the error voltage through capacitive coupling by the second
capacitor 141. As a result, the standby current source 100
and the charging current source 110 rapidly charge the heavy
load, both tightening amplitude of the drop in the output
voltage OUT, and speeding recovery of the output voltage
OUT to a stable voltage level.

FIG. 4 is a diagram of an LDO regulator 40 in a charging
mode in accordance with various embodiments of the pres-
ent disclosure. The LDO regulator 40 is similar to the LDO
regulator 10, and further includes a second switch 400 as
part of the mirror compensation circuit 140. In some
embodiments, the second switch 400 is a pass gate, an
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NMOS transistor, a PMOS transistor, or the like. A first
terminal of the second switch 400 is electrically connected
to the internal node 143 of the mirror compensation circuit
140. A second terminal of the second switch 400 is electri-
cally connected to the output node 102. In some embodi-
ments, the first terminal of the second switch 400 is elec-
trically connected to the internal node 143 through a fourth
resistor 144. In some embodiments, the second switch 400
is controlled by the switching signal ¢1. In some embodi-
ments, the second switch 400 is controlled independently of
the switch 111. In some embodiments, the L.DO regulator 40
includes both the switch 111 and the second switch 400. In
some embodiments, the LDO regulator 40 does not include
the switch 111.

The second switch 400 is controlled to close when the
load is a heavy load, and to open when the load is a light
load. Closing the second switch 400 shorts out the third
resistor 142 by creating an alternate current path between the
internal node 143 and the output node 102. Opening the
second switch 400 removes the alternate current path, so that
current from the output node 102 travels to the internal node
143 through the third resistor 142. When the load is a light
load (e.g., in the standby mode), stability is preferred over
speed. Thus, the second switch 400 is open during the
standby mode to promote stability in the output voltage
OUT. When the load is a heavy load (e.g., in the charging
mode), speed is preferred over stability. Thus, the second
switch 400 is closed during the charging mode. By closing
the second switch 400, the first terminal of the second
capacitor 141 is charged more readily in response to chang-
ing voltage at the output node 102. In some embodiments,
the alternate current path further includes a resistor in series
with the second switch 400.

FIG. 5 is a flowchart of a process 50 for regulating a
voltage in accordance with various embodiments of the
present disclosure. In some embodiments, the process 50 is
utilized in the LDO regulator 10 or the L.DO regulator 40. It
is understood that additional steps can be provided before,
during, and after the process 50, and some of the steps
described can be replaced, eliminated, or moved around for
additional embodiments of the process. The process 50 is an
example, and is not intended to limit the present invention
beyond what is explicitly recited in the claims.

A first voltage is established by the standby current
Iszinvpsy Of the standby current source 100 in operation 500.
In some embodiments, the first voltage is established by
charging the capacitor 130. The standby current source 100
has a first dimension (e.g., width). In some embodiments, the
first dimension is transistor width. In some embodiments,
the first dimension is a ratio of transistor width over tran-
sistor length (e.g., W1/L.1). In some embodiments, the first
dimension is number of transistor fingers.

The charging current source 110 is disabled in operation
510. The charging current source 110 has a second dimen-
sion (e.g., width). In some embodiments, the second dimen-
sion is transistor width. In some embodiments, the second
dimension is a ratio of transistor width over transistor length
(e.g., W2/L.2). In some embodiments, the second dimension
is number of transistor fingers. In some embodiments, the
second dimension is less than the first dimension. In some
embodiments, the second dimension equals the first dimen-
sion. In some embodiments, the second dimension is greater
than the first dimension. In some embodiments, the opera-
tion 510 begins concurrently with the operation 500. In some
embodiments, the operations 500 and 510 are performed in
the standby mode.
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The charging current source 110 is enabled in operation
520. In some embodiments, the charging current source 110
is enabled by closing the switch 111. In some embodiments,
the operation 520 starts concurrently with the beginning of
a transition from the standby mode to the charging mode. In
some embodiments, the operation 520 is performed at least
while voltage across the first capacitor 130 is lower than the
first voltage. In some embodiments, the operation 520 is
performed when the voltage drops to a second voltage lower
than the first voltage, and continues until the voltage returns
to about the first voltage (e.g., within 5-10% of the first
voltage). In some embodiments, the operation 520 is per-
formed during a read operation, and continues until at least
an end of the read operation.

In some embodiments, resistance of the mirror compen-
sation circuit 140 is lowered in operation 530. In some
embodiments, the resistance is lowered by closing the sec-
ond switch 400. In some embodiments, the operation 530
begins and ends concurrently with the operation 520 (e.g.,
the switch 111 and the second switch 400 are controlled by
the same switching signal ¢1). In some embodiments, low-
ering the resistance is shorting out the third resistor 142 to
drop the resistance to substantially zero ohms. In some
embodiments, lowering the resistance is switching in a
fourth resistor in parallel with the third resistor 142 to drop
the resistance to a value greater than zero ohms and less than
the resistance of the third resistor 142 or the fourth resistor.

An external circuit, such as a memory circuit, is provided
charging current by at least the charging current source 110
in operation 540. In some embodiments, the operation 540
begins and ends concurrently with the operation 520. In
some embodiments, the operation 540 begins and ends
concurrently with the operations 520 and 530. In some
embodiments, the charging current is provided by both the
charging current source 110 and the standby current source
100. In some embodiments, the charging current is con-
trolled by a biasing voltage (e.g., the error voltage at the
error node 101) that is increased by the first dimension being
relatively small, and capacitive coupling of the mirror com-
pensation circuit.

Embodiments may achieve advantages. The standby and
charging current sources 100, 110 of the LDO regulators 10
and 40 are driven by larger control voltage (e.g., V) set up
in the standby mode. Further, in the LDO regulator 40, the
mirror compensation circuit 140 using variable resistance
increases responsiveness of the mirror compensation circuit
140 in transitions from light loads to heavy loads. The LDO
regulators 10 and 40 have good stability when driving light
loads, and good speed when driving heavy loads.

In accordance with various embodiments of the present
disclosure, a device comprises an error amplifier, a standby
current source, a charging current source, a voltage divider,
and a first switch. The error amplifier has a negative input
terminal and a positive input terminal. The standby current
source has a control terminal electrically connected to an
output terminal of the error amplifier. The voltage divider
has an input terminal electrically connected to an output
terminal of the standby current source, and an output ter-
minal electrically connected to the positive input terminal of
the error amplifier. The charging current source has a control
terminal electrically connected to the output terminal of the
error amplifier. The first switch has a first terminal electri-
cally connected to an input terminal of the charging current
source, and a second terminal electrically connected to a first
power supply node.

In accordance with various embodiments of the present
disclosure, a device comprises an error amplifier, a variable
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current source, a feedback circuit, and a compensation
circuit. The variable current source has a control terminal
electrically connected to an output terminal of the error
amplifier. The feedback circuit comprises a first resistor
having a first terminal electrically connected to an output
terminal of the variable current source, and a second resistor
having a first terminal electrically connected to a second
terminal of the first resistor and a non-inverting input
terminal of the error amplifier. The compensation circuit
comprises a capacitor having a first terminal electrically
connected to the output terminal of the error amplifier, and
a variable resistor having a first terminal electrically con-
nected to a second terminal of the capacitor, and a second
terminal electrically connected to the output terminal of the
variable current source.

In accordance with various embodiments of the present
disclosure, a method comprising establishing a voltage at a
first voltage level by a first current source having a first
dimension, disabling a second current source having a
second dimension during the establishing, enabling the
second current source when the voltage drops below the first
voltage level, and charging an external circuit by the second
current source at least until the voltage returns to the first
voltage level.

As used in this application, “or” is intended to mean an
inclusive “or” rather than an exclusive “or”. In addition, “a”
and “an” as used in this application are generally be con-
strued to mean “one or more” unless specified otherwise or
clear from context to be directed to a singular form. Also, at
least one of A and B and/or the like generally means A or B
or both A and B. Furthermore, to the extent that “includes”,
“having”, “has”, “with”, or variants thereof are used in either
the detailed description or the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising”. Moreover, the term “between” as used in this
application is generally inclusive (e.g., “between A and B”
includes inner edges of A and B).

Although the present embodiments and their advantages
have been described in detail, it should be understood that
various changes, substitutions, and alterations can be made
herein without departing from the spirit and scope of the
disclosure as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, machine,
manufacture, composition of matter, means, methods, and
steps described in the specification. As one of ordinary skill
in the art will readily appreciate from the disclosure, pro-
cesses, machines, manufacture, compositions of matter,
means, methods, or steps, presently existing or later to be
developed, that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present disclosure. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:

1. A device comprising:

an error amplifier having a negative input terminal and a
positive input terminal;

a standby current source having a control terminal elec-
trically connected to an output terminal of the error
amplifier, wherein the standby current source has a first
transistor and a standby ratio equal to a first channel
width of the first transistor divided by a first channel
length of the first transistor;

a voltage divider having:
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an input terminal electrically connected to an output
terminal of the standby current source, and

an output terminal electrically connected to the positive
input terminal of the error amplifier;

a charging current source having a control terminal elec-
trically connected to the output terminal of the error
amplifier, wherein the charging current source has a
second transistor and a charging ratio equal to a second
channel width of the second transistor divided by a
second channel length of the second transistor, wherein
the charging ratio is at least twice as large as the
standby ratio;

a first switch having:

a first terminal electrically connected to an input terminal
of the charging current source, and

a second terminal electrically connected to a first power
supply node; and

a compensation circuit having:

a first capacitor, wherein a first terminal of the first
capacitor is electrically coupled to the output terminal
of the error amplifier;

a first resistor, wherein a first terminal of the first resistor
is electrically coupled to a second terminal of the first
capacitor, and a second terminal of the first resistor is
electrically coupled to the input terminal of the voltage
divider;

a second resistor, wherein a first terminal of the second
resistor is electrically coupled to the second terminal of
the first capacitor; and

a second switch, wherein a first terminal of the second
switch is electrically coupled to a second terminal of
the second resistor, and a second terminal of the second
switch is electrically coupled to the input terminal of
the voltage divider;

wherein the second switch is configured to close when the
charging current source provides a driving current to
the output terminal of the standby current source, and
wherein the second switch and the charging current
source are configured to be controlled by a same
control signal.

2. The device of claim 1, wherein:

the standby current source has a first threshold voltage;

the charging current source has a second threshold volt-
age; and

the first threshold voltage is higher than the second
threshold voltage.

3. The device of claim 1, further comprising:

a pulse generator electrically connected to a control
terminal of the first switch.

4. The device of claim 1, further comprising:

a bias circuit having an output terminal electrically con-
nected to the negative input terminal of the error
amplifier.

5. The device of claim 1, wherein the output terminal of
the standby current source is electrically connected to an
output terminal of the charging current source.

6. The device of claim 1, wherein the voltage divider
comprises a third resistor and a fourth resistor coupled in
series between the output terminal of the standby current
source and a reference voltage level.

7. The device of claim 1, wherein the first transistor and
the second transistor are P-type metal-oxide-semiconductor
(PMOS) transistors.

8. A device comprising:

an error amplifier;

a variable current source having a control terminal elec-
trically connected to an output terminal of the error
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amplifier, wherein the variable current source com-
prises a first switchable current source having a first
transistor and a second current source having a second
transistor, the first transistor and the second transistor
having a first threshold voltage and a second threshold
voltage, respectively;

a feedback circuit comprising:

a first resistor having a first terminal electrically con-
nected to an output terminal of the variable current
source; and

a second resistor having a first terminal electrically con-
nected to a second terminal of the first resistor and a
non-inverting input terminal of the error amplifier; and

a compensation circuit comprising:

a capacitor having a first terminal electrically connected
to the output terminal of the error amplifier; and

a variable resistor having a first terminal electrically
connected to a second terminal of the capacitor, and a
second terminal electrically connected to the output
terminal of the variable current source, wherein the
second terminal of the variable resistor and the output
terminal of the variable current source have a same
voltage, wherein the variable resistor comprises:

third resistor having a first terminal electrically connected
to the second terminal of the capacitor; and

a switch having a first terminal electrically connected to
a first terminal of the third resistor, and a second
terminal electrically connected to the output terminal of
the variable current source;

wherein a resistance of the variable resistor is configured
to decrease when the first switchable current source
provides a charging current to the output terminal of the
variable current source, wherein the switch and the first
switchable current source are configured to be con-
trolled by a same control signal.

9. The device of claim 8, wherein the first terminal of the
switch is electrically connected to the first terminal of the
third resistor through a fourth resistor.

10. The device of claim 8, further comprising a pulse
generator having an output terminal electrically connected to
a control terminal of the first switchable current source.

11. The device of claim 8, further comprising a second
capacitor having a first terminal electrically connected to the
output terminal of the variable current source, and a second
terminal electrically connected to ground.

12. The device of claim 8, wherein the variable resistor
further comprises:

a fourth resistor having a first terminal electrically con-
nected to the second terminal of the capacitor, and a
second terminal electrically connected the first terminal
of the switch.

13. The device of claim 8, wherein the second threshold

voltage is higher than the first threshold voltage.

14. The device of claim 8, wherein the first transistor has
a first ratio defined as a channel width of the first transistor
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divided by a channel length of the first transistor, wherein
the second transistor has a second ratio defined as a channel
width of the second transistor divided by a channel length of
the second transistor, and wherein the first ratio is at least
twice as large as the second ratio.

15. The device of claim 8, further comprising: a bias
circuit with an output terminal coupled to a negative input
terminal of the error amplifier.

16. The device of claim 8, wherein the switch is a pass
gate, an N-type metal-oxide-semiconductor (NMOS) tran-
sistor, or a P-type metal-oxide-semiconductor (PMOS) tran-
sistor.

17. A method comprising:

establishing a voltage at a first voltage level by a first

current source having a first transistor with a first
threshold voltage;

disabling a second current source having a second tran-

sistor with a second threshold voltage during the estab-
lishing, wherein the second threshold voltage is lower
than the first threshold voltage;

enabling the second current source when the voltage

drops below the first voltage level;

lowering resistance of a compensation circuit electrically

connected to the second current source during the
enabling, wherein the lowering and the enabling are
controlled by a same control signal, wherein the com-
pensation circuit comprises a capacitor coupled in
series with a variable resistor, with the variable resistor
comprising a first resistor and a switch coupled in
parallel to the first resistor, wherein the lowering com-
prises closing the switch; and

charging an external circuit by the second current source

at least until the voltage returns to the first voltage
level.

18. The method of claim 17, wherein:

the establishing is establishing the voltage at the first

voltage level by the first current source having the first
transistor, the first transistor having a first ratio between
a channel width and a channel length of the first
transistor; and

the disabling is disabling the second current source having

the second transistor during the establishing, the second
transistor having a second ratio between a channel
width and a channel length of the second transistor, the
second ratio being at least twice as large as the first
ratio.

19. The method of claim 17, wherein:

the charging is charging the external circuit by the second

current source until an end of a read operation of the
external circuit.

20. The method of claim 17, wherein:

the charging comprises controlling a switch electrically

connected to the second current source by a pulse
generator during a read operation of the external circuit.
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